Abstract-Force guided robot control is a control scheme based on the interpretation of measured force acting on the robot end effector. A functional map relating the correction of motion to force measurements is generated based on the geometry of the workpiece and its kinematic behavior in interacting with the environment. In the traditional force-guided control schemes, the contact force measured by a force sensor is directly fed back to a feedback controller to generate a motion correction signal. In this paper, instead of simply measuring contact forces, we take positive actions by giving perturbation to the end effector and observing the reaction forces to the perturbation in order to obtain much richer and more reliable information. By the correlation between the input perturbation and the resultant reaction forces, we can determine the gradient of the force profile and guide the part correctly. By applying a type of direct adaptive control, the contact force is maintained at the lowest level. This algorithm is applied to a pipe insertion task, in which the insertion force is minimized during the insertion. Based on the process model and stability analysis using the Popov stability criterion, conditions for stable, successful insertion despite nonlinearities and uncertainties in the environment are obtained. The theoretical results are verified using the experimental data. To generate high frequency perturbation, a vibratory end effector using piezoelectric actuators is designed and built. Through both simulations and experiments, the feasibility and usefulness of these methods are demonstrated.
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I. INTRODUCTION

F
ORCE guided assembly is a control scheme to guide a workpiece based on a stored map from forces to a correction of motion. Based on the geometry of the workpiece and its kinematic behavior in interacting with the environment, the functional map relating the correction of motion to force measurements is generated and stored as a control law. Central to the design of force guided control is how to synthesize this functional map. In the past, various methods have been developed. In [1] , a heuristic synthesis method for determining a compliance matrix, i.e., a linear static map, that corrects the object position in response to the force acting from the environment was presented. [2] and [3] formally solved an optimal admittance synthesis problem. Given the geometry of workpieces and friction characteristics, an optimal admittance Manuscript received March 19, 1997 ; revised May 6, 1999 matrix, i.e., a linear force-to-velocity map, that guarantees the workpiece to be guided toward a desired destination has been obtained. [4] also solved the compliance synthesis problem. For a particular class of tasks, such as peg insertion, the force-to-motion map can be created without using active force feedback; passive elastic hands, such as the RCC hand [5] , allow the workpiece to be guided toward a desired destination.
To perform a variety of tasks, active control schemes such as hybrid position/force control [6] and impedance control [7] are needed. More over, as the workpiece geometry becomes complex, the direction of motion as well as the compliance/admittance matrices must be switched by detecting the contact configuration explicitly from the measured forces. The back projection method by [8] uses the switching of nominal trajectory directions and the admittance matrix by evaluation terminal conditions. In the discrete-event control [9] , [10] the contact configuration of the workpiece is explicitly determined from the force measurement and a correction of motion is generated based on the estimated contact configuration. To better detect discrete contact transitions, dynamic models of the process have been used for analyzing measured forces [11] - [13] . Although these explicit force-guided controls are a useful concept, particularly for the monitoring of assembly processes, there are inherent difficulties in applying it to real world problems. Force and moment measured by a force sensor are quite noisy and erratic due to friction at the contacting surface. The direction of a contact force varies significantly depending on the local roughness of the contacting surface. The force signal is even worse if the workpiece has burrs and poor surface finish. As a result, robot motion tends to be erratic and the recognition of contact configuration is erroneous. Moreover, the force measured at one sample point may not contain enough information for identifying the contact configuration as well as for guiding the robot even in the absence of friction. Undecidable situations may be involved if the task is complex. Additional information, such as contact forces measured at neighboring points and a priori knowledge about contact transition, is needed to resolve undecidable cases. To overcome these difficulties in force guided assembly, an efficient method for acquiring reliable, consistent, and copious force signals and extracting useful information from the force signals is needed. In this paper, a novel technique for acquiring effective force information despite sensor noise and friction is presented. Instead of simply receiving force signals from the process, we give perturbation to the robot and measure the reaction forces to the perturbation. By taking the correlation [14] - [16] between the perturbation signal and the reaction forces, reliable and useful information for guiding the robot would be extracted.
To compute correlation, the force would be measured at many perturbed points in the vicinity of the current contact point. It is expected that this perturbed force measurement provides much richer force information than that of stationary measurement. In robotic assembly, perturbation has been used as dither for reducing friction [17] as well as for randomly searching a hole for peg insertion [18] . The perturbation/Correlation method presented in this paper is not only effective for reducing friction, as addressed in the previous work, but also effective for obtaining useful information for guiding the robot toward a desired direction. In the following sections, the basic concept of the perturbation/correlation method and a new control strategy for force guided assembly will be illustrated by using practical assembly problems. The correlation computation and control algorithms will then be formally presented, followed by the analysis of overall system stability. The method will be applied to a practical assembly problem.
II. APPROACH
To illustrate the basic concept of the perturbation/correlation method, two exemplary assembly tasks are considered in this section.
A. Heat Exchanger Assembly
One of the practical assembly tasks, which are difficult to perform by traditional methods, is the heat exchanger assembly. Fig. 1 shows the assembly of a heat exchanger for an air conditioning system.
The task is to insert a long copper pipe into a stack of thin sheet metals. The holes on the sheet metal have a minimum clearance in order to maximize the heat transfer efficiency. Unlike the conventional peg insertion problem in which machined parts with clear edges and surfaces are mated, the surface of the hole created by the stack of aluminum foils is totally irregular and rugged. Since the aluminum foils are made by stamping, the hole has irregular burrs and poor tolerancing error. As a result, the accuracy in fixturing the foils become significantly low, and the wall of the holes created by the stack of the foils is irregular as shown in the figure. In real plant production lines, this kind of pipe insertion task has been performed only by human workers. Skilled workers insert pipes by perturbing the pipes in order to avoid jamming as well as to determine which way to correct the motion. According to them, the skilled workers monitor obstructing forces in response to the applied perturbation, and modify their motion accordingly. The proposed perturbation/correlation method was motivated by this human skill: perturbing the pipe and observe the reaction to the perturbation. The primary information used in the pipe insertion is the reaction force in the pipe's longitudinal direction, that is, the axis in Fig. 1 . This obstructing force, , varies in accordance with the perturbation of the pipe in the transversal direction, that is, the axis in the figure. Our purpose is to get the correlation between the perturbed input in axis and the force output . The obstructing force is created at the contacts of the pipe with the wall of the holes. As the pipe trajectory deviates from the center line of the hole, the obstructing force generally increases, because the pipe's contact pressure against the wall of the hole increases. A smaller obstructing force implies that the pipe's position is closer to the actual centerline, where the pipe can be inserted smoothly. Therefore, we can use the obstructing force as an index representing the deviation of the pipe's trajectory for the purpose of guiding the pipe in the desirable direction. Fig. 2 shows an approximate plot of against displacement . The minimum point in the figure shows the plausible centerline position to which the pipe's trajectory is to be corrected during the insertion.
In order to guide the pipe toward the minimum point of force , we need to know the gradient of the curve or its equivalent information. Note that the force measured at a single point does not provide sufficient information as to which way the robot should move. This is a type of undecidable situation, as mentioned previously. The perturbation/correlation method resolves this problem, since it measures the force at many perturbed locations, and the correlation between the perturbed positions and the corresponding forces directly provides the gradient information, as will be analyzed in the following section. Therefore, the control law to correct the trajectory of the pipe is simply update the trajectory based on the gradient value estimated from the correlation. It should be noted that the force measured is by no means a clear signal. The actual plot of against is very erratic and noisy, unlike the conceptual plot in Fig. 2 . Nevertheless, the system can behave smoothly because the correlation operation is basically an integral operation rather than derivative. Gradient information, is usually obtained by derivative operations, but this correlation method does not need derivatives but integrals, which are much smoother and computationally more stable. 
B. Connector Assembly
The control method developed for the above heat exchanger assembly can be applied to a class of tasks, where a workpiece is guided along unknown reference surfaces by maintaining contacts with the unknown surfaces. Consider the assembly of connectors shown in Fig. 3 . The typical force guided assembly process shown in the figure can be controlled in the same manner as the heat exchanger assembly. First, the female connector held by a robot is placed on the male connector as shown in (a), and is rotated while maintaining contacts with the male connector as shown in (b). When the female connector comes into an upright position as shown in (c), it is mated with the male connector and slides into the male connector (d). During this process, the female connector is pushed against the male connector so that the female connector can be guided along the surfaces of the male connector. The force applied to the female connector ensures the mechanical contacts with the reference surface of the male connector. The contact forces should be kept small, since large contact forces create large friction which may incur stick slip when guiding along the contact surfaces. The female connector should gently touch the male connector with small contact forces that ensure the contacts while rotating the female connector.
This control strategy for guiding the female connector can be formulated in the same way as the heat exchanger assembly. The axis motion in the heat exchanger assembly indicates the depth of insertion, or the progress of assembly, and its speed is controlled with a prescribed time function, typically a constant speed. Likewise, the rotational motion of the female connector indicates the progress of the process, and its angular velocity is controlled with a prescribed time function. In the heat exchanger assembly, the insertion force was considered as a performance index to minimize. Likewise, the contact force between the male and female connectors can be treated as a type of performance index: the deviation from a desired contact force, which is small, should be minimized during the process. Also, the friction between the two or the moment created by the friction about the center of rotation of the male connector can be used as the performance index. In the heat exchanger assembly, the performance index was minimized by shifting the position. To obtain the gradient of , a perturbation was applied to the axis and the correlation with was evaluated in order to guide the object to the minimum. Accordingly, the performance index in the connector assembly, i.e. the contact force, is optimized through the accommodation of and axes by superimposing perturbations on both axes and evaluating the correlations. To obtain the gradient in both and directions, orthogonal perturbations must be given to both axes, as will be shown in the following section. The perturbation/correlation method illustrated by the above two examples presents a new approach to force guided assembly. In force guided assembly, force information is used for positioning a workpiece relative to an unknown fixture. In those assembly tasks, a resistive force becomes small when the workpieces guided in the correct direction. In the heat exchanger assembly, the resistive force, that is the insertion force, becomes minimum when the pipe is in the middle of the holes. In the connector assembly, the contact force and friction become large when the female connector is not correctly guided along the reference surfaces of the male connector, since it tends to move into the reference surfaces. Also, when the female connector tends to depart from the reference surfaces, the contact forces becomes lower than a desired level. Therefore, force guided assembly in those tasks can be treated as a problem of minimizing a performance index in terms of resistive forces. To guide a workpiece toward the minimum of the performance index, the perturbation and correlation technique can be used as a powerful tool. Despite noisy, erratic force signals, the perturbation/correlation method would be able to guide a workpiece in the direction toward the optimal of a given performance index. If the workpiece surfaces are smooth and force signals are clear, traditional force-guided robot controls suffice. For workpieces with burrs and rough surfaces, however, this proposed method is particularly effective. In the following section, the proposed method will be formally described, and the conditions for this method to work properly and stably will be obtained.
III. PERTURBATION/CORRELATION METHOD
The perturbation/correlation method described above is formulated in this section. Let be a performance index and an input that influences . In the force guided assembly discussed in this paper, the performance index is a resistive force or a function of resistive forces, while input is a coordinate of the robot endeffector position. We assume that, when the robot coordinate is perturbed, the performance index is evaluated at every sample period by measuring the resistive force. The objective is to guide the robot toward the minimum of the performance index while the assembly process proceeds. To seek the minimum, the gradient of to , that is , is computed by using the perturbation and correlation technique. As shown in Fig. 4 , input is perturbed and the corresponding change in the performance index is evaluated at every instant. Then the correlation between the perturbed and the corresponding is computed. In the following, we will first show that this correlation is equivalent to the gradient and that the computation does not include derivations but is given by integrals, hence it is robust and reliable even for noisy signals. Consider that input is varied sinusoidally around its nominal value, , as shown in Fig. 5 (1) (2) where and are, respectively, the amplitude and frequency of the sinusoidal perturbation. Let be the performance index corresponding to the perturbed input . The correlation between and is given by (3) where the integral interval is over one complete period of the perturbation. When the performance index is sampled at time , Substituting (1) into (5) yields (8) Comparing (8) with (4) (9) Namely, the correlation given by (4) represents the gradient of the function at the nominal point multiplied by known constants. Note that the computation of the correlation does not require derivatives. As shown in (3) or (4), a simple integral provides the correlation, i.e., the gradient of to . Even if the force signal is highly noisy, the gradient can be estimated reliably. When the performance index is a force, the physical meaning of the correlation is the estimated stiffness of the environment. In the heat exchanger assembly, for example, the correlation of to provides the off-diagonal component of the environment stiffness matrix:
. Using the estimated gradient, our control objective is to drive the robot toward the minimum of the performance index. Namely, the nominal coordinate of the robot, , is modified in the decreasing direction of the performance index . Let be the modified robot coordinate to be given to the robot position control loop (10) where is a proportionality constant or a gain for correcting the robot position. Fig. 6 shows the block diagram of the control system.
In this control method, there are several parameters to be carefully tuned. These include the proportionality constant , the amplitude and frequency of perturbation, and the speed of robot motion, e.g., the insertion speed in the heat exchanger assembly and the rotation speed in the connector assembly. In the following section, we will analyze the control system, and obtain conditions for this system to work. These parameter values will be selected so that the conditions may all be satisfied. 
IV. ANALYSIS
A. Conditions for Estimating the Gradient
In the previous section, the gradient was estimated by perturbing only one variable that influences the performance index. In practice, however, the performance index may be influenced by other variables, which vary during the assembly process. For example, the performance index in the heat exchanger assembly, i.e., the insertion force , is dependent not only on the coordinate of the robot but also on the depth of insertion and the insertion speed . As the depth of insertion increases, more aluminum foils may contact with the pipe and therefore generate a larger resistive force when the pipe is pushed into the hole. In general, as increases, increases accordingly. Also, the resistive force increases, as the insertion speed increases. Hence, is expressed as (11) Fig. 7 illustrates function which varies depending on the depth of insertion as well as on insertion speed. In the following, the influence of these variables, and , upon the estimation of the gradient will be analyzed, and conditions for such an effect to be negligibly small will be obtained.
Assume that the insertion speed is kept constant with a position control in the axis (12) where is a constant insertion speed. Consider the insertion force at time . Assuming that is differentiable with respect to and is expanded as (13) where and is a higher order small quantity. Correlating and , and taking average for one period of perturbation:
, we obtain (14)
Since can be factored out, the first term in the above equation vanishes when integrated over one period of perturbation. From (2), the second term provides the gradient multiplied by a known constant . The third term, which is proportional to the insertion velocity, can be interpreted as an offset due to the motion in the direction. The offset, however, can be made negligibly small by increasing the perturbation frequency and decreasing the insertion speed, since it is inversely proportional to and proportional to . In order to correctly estimate the gradient from correlation , this offset must be negligibly small. The perturbation frequency and the insertion speed must be determined so as to meet this requirement. In the connector assembly, both and axes were perturbed to obtain the gradients, and , at the same time. In this case, is a function of both and as well as other variables influencing (16) where are other influencing variables. Expanding the above function yields (17) where and are perturbations in the and axes, respectively. Let us consider the following sinusoidal function which are orthogonal to each other:
. Taking the correlation between and provides (18) Since the cross term vanishes due to the orthogonality of and , the gradients and can be estimated independently from and , as long as the 
B. Stability Conditions
Stability is a fundamental requirement for feedback systems. The control system under consideration may be unstable if the proportionality constant multiplied into the gradient in the feedback loop is too large. In this section, we will analyze stability conditions for the control system shown in Fig. 6 . We assume that the conditions for estimating the gradient derived in the previous section are all satisfied and that the assembly process proceeds slowly, e.g., the insertion speed in the heat exchanger assembly is significantly slower than the robot motion in the direction. Also we will analyze the case where only one axis is perturbed. The difficulty in analyzing the stability of the system is the fact that the functional relationship between and is nonlinear and unknown. Function represents the characteristics of the environment, i.e., the assembly process, which is generally unknown. Also, the functional relationship may vary as the assembly process proceeds. As shown later in Fig. 13 in an experiment section, the profile of against varies significantly depending on the depth of insertion. Stability must be established even though the nonlinear function varies and its profile is not exactly known. In this paper, we assume that only the upper and lower bounds of the gradient are known, as shown in Fig. 8 . Namely, the unknown, nonlinear curve exists within the sector bounded by the two lines of slope and . Using Popov's stability criterion, we will obtain conditions for the robot control system to be stable for an arbitrary nonlinearity within the sector . Assuming that the robot control system is linear, we can combine the whole linear part of the system. Let be the transfer function from to in the block diagram of Fig. 6 . According to the Popov stability criteria [19] , [20] , the system is stable if 1) the linear part of the system has non positive real parts or a simple zero eigenvalue; 2) controllable; 3) observable; 4) there exists a strictly positive number , such that for an arbitrarily small 0.
In the heat exchanger assembly, the axis of robot motion is independently controlled with a constant velocity command, which causes no instability, while the axis is controlled by position controller where the reference input, i.e., coordinate, is modified based on the estimated gradient. The axis position control system can be treated as a decoupled second order system governed by the following equation of motion (20) where and are effective inertia and damping of the axis reflected to the end effector, is the position feedback gain, and is the effective stiffness of the pipe and the layered sheet metal in the direction. The last term, , accounts for the reaction force in the direction when the pipe is pressed against either side of the hole. Note that differs from . As mentioned in Section III, means the off-diagonal component of the environment stiffness matrix, , while represents the diagonal component, . Combining (20) with (10), the transfer function from to is given by (21) To examine the last condition of the Popov stability criterion the frequency characteristics of the above transfer function is plotted on the complex plane of and , as shown in Fig. 9 .
Note that the locus is convex and that it crosses the real axis at where the frequency is . The slope of the locus at this intersection is . From this plot it follows that there exists a positive number such that (22) and the system is stable if (23) or (24) The above equation provides the upper limit of the gain . It should be noted that the effective stiffness of the pipe and the layered sheet metal, , is not exactly known in general. Also, may vary depending on the depth of insertion. The worse case with respect to the above stability limit is, 0. Therefore, a conservative estimate of the upper limit of the gain is given by (25) which includes only known parameters. 
V. IMPLEMENTATION AND EXPERIMENT
A. Experimental Setup
We have implemented the perturbation/correlation method for the assembly of a heat exchanger. Fig. 10 shows the experimental setup. The pipe is inserted horizontally in the direction, while perturbation is applied in the direction. The robot used is a three degree-of-freedom planar robot controlled by a Sun Workstation with VxWorks real time operating system of 1 ms sampling time. A stuck of aluminum foils are fixed to the table, and the pipe held by the robot is inserted into the hole. The diameter of the pipe is 8 mm, while the clearance is approximately 10 m.
According to the analysis in Section IV.A, a high frequency perturbation must be generated in order to estimate the gradient . A piezoelectric vibratory hand was developed for the purpose of perturbing the pipe at a high frequency. Fig. 11 shows the vibratory hand equipped with a pair of piezoelectric actuators of 3.2 kN in maximum force and more than 150 Hz in bandwidth. As shown in the schematic, the pipe holder holding the pipe rotates about the pivotal point due to the difference of forces generated by the two piezoelectric actuators (see Fig. 12 ). A slot between the housing and the pipe holder reduces the rotational stiffness of the pipe holder, hence it works as a pivotal joint. Although the maximum displacement of each actuator is only 80 m, the amplitude of vibration is magnified 13 times at the tip of the pipe, which is large enough to perturb the system. Although round pipes are inserted, the insertion task is not symmetric since the heat exchanger is long in the direction and most of the fixturing errors occur in the direction. Errors in the direction are relatively small since the foils are aligned and clamped in the direction. Therefore no perturbation/correlation method is needed in the direction; it was perturbed only in the direction. 1 To estimate the gradient correctly, the phase lag at the vibratory hand as well as at the force sensor must be negligible. If the phase lag is 180 , the sign of the estimated gradient becomes opposite. In the experiment setup, the bandwidth of the vibratory hand is over 150 Hz and the one of the force sensor is over 100 Hz, hence no significant phase lag was observed when vibrating at 20 Hz.
B. Parameter Tuning
In order to tune the system, basic data and characteristics of the major components were first obtained. Fig. 13 shows the approximate profile of function obtained by experiment. Using the actual pipe and layered aluminum foils, the robot inserted the pipe repeatedly with different offsets in the coordinate. No perturbation and control were applied to the axis. The resistive force was measured as the pipe was inserted. While the gradient varies along the axis, a minimum point of exists in each stage of insertion. Fig. 14 shows how varies depending on and . From these data, the maximum slope of the curve was estimated as N/mm, and the parameter of the Popov sector, , was identified to be N/mm . The effective mass and damping of the robot control system in the direction were identified to be 0.042 kg and 2.1 Ns/m, respectively. The effective stiffness of the pipe and the layered aluminum foils reflected to the vibratory hand position was approximately 133 N/m. Using these data, the stability conditions were examined. From (24) the upper limit of the gain is for the position feedback gain of 100. Based on the conservative condition given by (25) , the upper limit of is . We selected a feedback gain less than this value for actual experiment. For , the experiment results were all stable. To determine the frequency and insertion speed, (15) obtained in Section IV-B was evaluated To estimate the gradient correctly, the second term in the above equation must be negligibly small compared with the first term. For insertion speed 12.5 mm/sec and perturbation frequency 20 Hz, experiments were conducted to compare the magnitude of the two terms. As shown in Fig. 15 , is more than 1000 times larger than that of the second term, (#2 in Fig. 15 ). Note that two terms are plotted in 100 times different scales. The first term, is scaled down to (#1 in Fig. 15 ). This shows that our assumption in neglecting the second term is valid.
C. Evaluation
Pipe insertion experiments were conducted with a perturbation frequency of 20 Hz and an insertion speed of 10 mm/s. For one period of perturbation, the correlation was evaluated. In proportion to the resultant correlation , the axis command was corrected.
The directional reference trajectory was modified in real time by computing the correlation. While generating perturbation, the input to the environment (position perturbation) and the performance index of the system were calculated according to the correlation equation. Finally, the correlation value was used for updating the trajectory command. Fig. 16 shows experimental results; the axis robot motion (a), the insertion depth in the direction of (b), the response force (c) and the obstructing force (d). The resistive force increased as insertion proceeded, but did not exceed 1.1 N.
Figs. 17 and 18 show experimental comparisons with conventional methods and alternative approaches. One standard insertion control is compliance control [5] . Fig. 17 shows the comparison with compliance control in terms of resistive force . The compliance was tuned in such a way that the compliance center might be at the tip of the pipe and that the stiffness in the direction would be much higher than that in the direction. As shown in Fig. 17 , the compliance control was as good as the perturbation/correlation method in the beginning. As insertion proceeded, however, the compliance controller could not reduce the resistive force; of the compliance control became 2 to 3 times larger than that of the proposed method. Note that all the other conditions, including insertion velocity and depth, were the same for both cases. This clearly shows the effectiveness of the proposed method.
The dither itself used for the perturbation/correlation method may reduce friction and thereby decrease the resistive force. To evaluate the net effect of the correlation-based error correction, three cases were compared; the first is with no dither and no correlation, the second is with dither only and no correlation, and the third is with correlation and dither, that is the proposed method. Fig. 18 shows the experimental result of these. With no dither and no correlation, the resistive force in direction became so large that the insertion could hardly be completed. With only perturbation, which reduced friction in the beginning, the position was not well corrected and thereby a large was obtained as it was inserted deeper. Thus the proposed method outperformed the other two.
VI. CONCLUSION
In this paper, a new perturbation/correlation method for force-guided assembly was presented. Instead of simply receiving force information from the assembly process, the robot end effector was actively perturbed with a dither signal, and the reaction force to the perturbation was measured and correlated with the perturbation input. This correlation between the measured force and the perturbation input provided reliable information for guiding the robot despite noisy force signals. Two exemplary assembly tasks, i.e. pipe insertion for heat exchangers and connector assembly, were considered, and a basic control strategy based on the perturbation/correlation method was manifested for each task. In both tasks, the robot was guided in such a way that a resistive force from the contacting forces be minimum, and the process was treated as the one for minimizing a performance index by evaluating the gradient of the performance index based on the perturbation/correlation method. The conditions for the gradient to be correctly estimated were obtained, and the stability condition of the overall control system was analyzed for a one-axis perturbation case by using Popov's stability criteria. The perturbation/correlation method was then implemented for the pipe insertion task. A high bandwidth vibratory hand using piezoelectric actuators was designed and built for perturbing the robot end effector at 20 Hz. The major analytical results were verified through experiments, and the effectiveness of the proposed method was evaluated by comparing it with the standard compliance control and the ones with and without perturbation. The proposed perturbation/correlation method outperformed its traditional counterparts. There are several issues which need further investigation for the future. First, the choice of the performance index to be minimized during task performance must be made systematically rather than based on intuition. The stability analysis given in this paper is only for one-axis perturbation, although the perturbation/correlation method itself is applicable to multi-axis problems. More powerful methods for dealing with multi-axis, unknown nonlinear processes are need for stability analysis.
